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The Catalytic Action of Neutral Salts:
The Effect of Normal Alkali SUlphates on Alkali Acid
SUlphates in the Ketonic Splitting of Ethyl Acetoacetate.
Introduction
The cata1ytic effect of neutral sa1ts has been inves-
tigated for nlunerous reactions and various theories
~ropounded to account for their action. In this work the
action of normal potassium and sodium sulphates on
solutions of the corresponding acid salt has been inves-
tigated for two concentrations of the latter at three
different temperatures. An ..attempt has been made to
account for the observed actions.
Historical Considerations
The deve10pment of catalysis as a part of chemistry
dates from 1835 when Berzelius prepared a paper for the
Swedish Academy of Sciences1 which co-ordinated a number
of observations previously made in this field. In this
paper he gave the name "catalytic force" to those forces
exerted by bodies bringing about reactions in other bodies
without being themselves changed and gave the name
"10 Jahresber. fur Chem~. 15, 237 (1836)
2.
"catalysis" to the decomposition of bodies by this force.
In that large and important group of catalytic reactions,
-those catalyzed by acids- the simple hydrogen ion theory
rests mainly on the experiments of Arrhenius2 on the
inversion of sucrose by weak acids in the presence of
their salts. It had been previously shown that an increase
in the concentration of the acid gave an increased velocity
of inversion, the increase being approximately proportional
to the increase in concentration. It had also been shown
that equal concentrations of different acids had different
catalytic activity, the mineral acids having the greatest
activity. Similar results were obtained in the hydrolysis
of esters. Arrhenius. combining these results with his
observations upon the electrical conductivity of acids was
led to the conclusion that the catalytic activity of the
acids was due to the hydrogen ion. In working with acetic
acid, he showed that the addition of sodium acetate to
the solution enormously decreased the activity and
decreased it proportionally to the decrease in ionization
of the acid as required by the law of mass-action. This
evidence greatly favored both the hydrogen-ion theory of
catalysis and the dissociation theory.
Palmaer3 later showed that the increase in activity of
strong acids with increase in concentration of the acid
2. Z. physik. Chem., 5, 1 (1890)
3. ibid., 22, ~92 (1894)
was not proportional to, but greater than the increase in
concentration as determined by electrical conductivity.
Moreover, he found the influence of neutral salts to be
remarkable. For example, in ester catalysis, the addition
of a no~ solution of potassium chloride increased the
catalytic activity of a 0.1 normal hydrochloric acid
solution by 22 per cent while a diminution of the velocity
of reaction would be expected on the simple dissociation
theory. This abnormality, known as the neutral salt effect,
has since been a problem on which numerous investigators
have worked and for which no completely satisfactory explan-
ati on' is so fa,r obtained4 •
Arrhenius5 later found that neutral salts, in some cases,
increased the rate of inversion of sucrose, e.g. 0.125
normal potassium chloride increased the catalytio activity
of 0.025 normal acetic acid about twelve per cent. He then
modified his dissociation theory by postulating that
dissolved salts increased the dissociation of weak acids
in solution.
A number of chemists, attempted to explain the neutral
salt effect by assuming that the latter caused a concentrating
effect upon the acid by withdrawing solvent water from
the solution. Various investigations6 were carried
4. See Rideal and Taylor, Catalysis in Theory and Practice,
Macmillan, 1926, page 320.
5. Z. physik. Chem., 21, 1362 (1899)
6. Caldwell, Proc. Roy. Soc. ?8A, 272 (l906); Whymper. ibid.,
?9A, 576 (190?); Ar~trong and Watson, ibid., ?9A,
579 (1907); Worley, ibid., 87A. 604 (1912).
4.
out with this view-point in mind and gave some basis for
believing the theory to be correct. The hypothesis as
developed seems, in the light of data later obtained, to
be untenable as a complete explanation.
Soon after Arrhenius t theory of hydrogen ion cata.lys1s.
evidence began to accumulate which tended to support the
view that the undissociated molecule of a catalytic substance
possessed a certain amount of' cata.lytic activity as well as
did the ions. Researches? by numerous investigators seemed
to yield evidence in favor of this view and Snethlage8
finally suggested that in reactions cata.lyzed by acids the
greater the strength of the acid the greater was the
catalytic activity of the un-ionized portion in comparison
to the ion activity. This theory, ~~own as the dual
theory of catalysis. easily explained the neutral salt
aotion by assuming that the dissociation power of the
medium was changed. Later developments of this theory9
postulated that the number of catalytically active particles
i5 much greater than ordinarily supposed so that in any
reaction there are a number of complex equilibria between
many different molecular and ionic types, e.g. various
7.
8.
Senter, J. Chem. Soc., 91. 460 t190?); Acree and
Nirdlinger. Amer. Chern. ~•• 38. 489 {l90?); Lapworth.
J. Chem. Soc., 93, 2197 (1908); Goldschmidt, Amer.
Chem. J. t 48. 352 (1912): Taylor. J. Amer. Chem. Soc ••37, 551 \1915); Dawson and Reiman, J. Chem. Soc.,
107. 857 (1915)
Z. Elektrochem. 18, 539 (1912); z. physik. Chemo. 85.
211 (1913). Aleo Taylor, Z. Elektrochem•• 20. 202 (1914)
See Kendall, Proc. Nat. Acad. Sci., 7, 56 (1921)
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hydrates of molecules and ions. If the undissociated
molecules are assumed to have catalytic activity, there is
no reason for not ascribing such activity to the various
complexes and taking their effects into consideration. This
makes the whole problem complex since we have at present no
method for measuring the relative concentrations of the
various complexes to say nothing of their relative catalytic
activities.
There is at present e. considerable body of evidence
that the unhydrated h~Tdrogen ion is the active cats.lyst in
those reactions catalyzed by acids. This idea will be
discussed further in the following pages.·
There are but few references bearing directly upon the
subject of this paper although there are many touching
more or less directly upon it and of these a few will be
cited. Numerous investigations of the influence of neutral
salts on the potential of the hydrogen electrode have
been carried out. but chiefly with chlorides. Arkadieu10
found that the potential l\jRS increased proportionally to
the concentration of the salt and that the influence
ran parallel to the tendency of the salt to form hydrates.
Harned and Sturgisll in determining the free energy of
sulphuric acid in aqueous sluphate solutions found that
the activity coefficient of the acid in these solutions
was considerably less than in solutions of the pure acid,
10. Z. physik. Chem., 104, 192 (1923)
11. J. Amer. Chem. Soc., 47, 945 (1925)
the opposite being true with hydrochloric acid in chloride
solutions. They also found that the activity coefficient in
the potassium sulphate solutions was less than in the sodium
sulphate solutions and stated that this is further evidence
for the fact tr~t in a salt solution containing an acid or
an hydroxide the hydrogen ion activity is al~ays greater in
a solution containing the sodium ion than in one containing
the potassium ion. They stated also that a uni-bivalent acid
(sulphuric) would have a much lower activity coefficient than
a uni-univalent acid (hydrochloric) at a given concentration
or ionic strength, whether in an aqueous solution or in a
salt solution; also that starting with a given concentration
of the electrolyte, the addition of a salt would decrease
the ion activity in the uni-bivalent solution more than
in the uni-univalent solution. ZKerl~f12 found that the
addition of neutral chlorides and nitrates to their
respective acid solutions increased while the addition
of neutra.l sUlphates to sUl:phuric acid solutions decreased
the hydrogen ion activity. He also found that the activity
is greater in the sodium than in the ~otassium salt solution.
In this paper he stated that his results showed that the
theory of catalytic activity of undissociated molecules
is not correct and that the effect of neutral salts is not
well known.
Holmes and Jones13 studied the action of salts with and
without water of hydration upon the velocity of saponifica-
12. Z. physik. Chem., 98, 260 (1921)
13. J. Amer. Chem. Soc., 38, 105 (1916)
?tion of esters under varying conditions of time, salt
concentration, a,nd temperature. no acid being used except
that generated by the reaction. They found that salts with
water of hydration have a greater effect on the velocity
of hydrolysis than salts without water of hydration but
that upon dilution the neutral salts seemed to approach
equali ty in ·their effects. Li thi urn sulphate had the effect
of decreasing the rate of reaction below that of pure water
but they did not investigate the action of sodium and potassium
Bulphates •. Manning14 investigated the rate of hydrolysis
of ethyl formate alone and in aqueous solution of various
salts and non-electrolytes. The non-electrolytes exerted
little or no influence on the rate of hydrolysis from which
he concluded that hydration of the solute did not affect
the velocity constant. Potassium sulphate .decreased the
velocity constant about twenty per cent below that for
water alone while the other salts (chlorides of various
alkalis and a~ka~ine earths) brought about marked increase
in the value of the constant. Kellogl5 obtained similar
resul ts.
Rice and Lemkin16 found that salts of strong acids with
strong acids caused an increase in the velocity constant
for the reaction between iodine and acetone while the
addition of sodium sUlphate to sulphuric acid caused a
14. J. Chem. Soc., 119, 2079 (1921)
15. J. AIDer. Chem. Soc., 31, 403 (1909); ibid., 35, 396 (1913)
16 J. Amer. Chem. Soc., 45. 1896 (1923)
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decrease in the constant. They found also that the
temperature coefficient was not changed by the addition of
a salt of a strong acid to a strong acid but tha.t the
coefficient was lowered in the case of the sulphate. Dahr1 ?
studied the influence of neutral salts on the velocities of
reaction between oxalic acid and chromic a.cid, formic acid
and chromic acid, sodium formate and iodine, sodium formate
and mercuric chloride, and between sodium formate and silver
nitrate. He found the action of the neutral salt to be
more pronounced in dilute solutions and that the presence
of the salt did not change the temperature coefficient
although with all the reactions some salts accelerated and
some retarded "the reactions. He found that aulphates had
a greater hindering effect than did chlorides or nitrates.
o·erl"or12AK observed the effect of neutral salts on the
hydrolysis of ethyl acetate using chlorides of alkali and
alkaline earth metals with hydrocr~oric acid, the correspond-
ing nitrates with nitric acid and potassium. sodium,
ammonium and magnesium sulphates with sulphuric acid. He
found that the chlorides and nitrates increased the velocity
of reaction while the sUlphates decreased the velocity upon
addition to the acid.
Spohr18 found that in the presence of their neutral salts
the power of inversion of sucrose by hydrochloric and
--~--~~-~-~~~---~---~~---~-~----------~~~--~~~~~~~~---~---~
17. Z. anorg. allgem. Chem., 128, 229 (l923)
18. J. ~ract. Chem., 2, 32
9.
hydrobromic acids was increased by their neutral salts
while that of s.ulphuric acid Wb-S decreased by the addi tion
of potassium sulphate.
McBain and Kam19 found that the effect of neutral salts
on increasing the IJartial vapor pressure of acetic acid was
independent of the concentration of acetic acid. The increase
in pressure was greatest for the alkali chlorides and least
for sodium acetate whj.le sodium sulphate showed a negative
effect.
SziSkovski2Q found that alkali sUlphates changed the
color of dilute acid solutions of methyl orange to the
alkaline side while alkali halides and nitrates had just
the o~posite effect.
Various other references 2l might be cited showing that
while the chlorides and nitrates have an accelerating effect,
sulphates of the alkali metals have a retarding effect
on reactions when taking part in neutral salt effects.
Ethyl acetoacetate has been used by Dunlap22 in studying
the neutral salt effect of alkali and alkaline earth chlorides
upon hydrochloric acid in the hydrolysis of this ester.
The resul ts showed that. the neutral chlorides increased the
19. J. Chem. Soc., 115, 1332 (1919)
20. Z. physik. Chem., ?8, 426 (1912)
21. e.g., Hober, Biochem. Z., 14, 209 (1908); ibid., l?,
518, (l909); Euler, Z. physik. Chern., 49, 103 (1904)
22. The Neutral Salt Effect of the Alkali and Alkaline
Earth Chlorides upon Hydrochloric Acid in the Ketonic
Splitting of Ethyl Acetnacetate. Unpublished disserta-
tion presented in partial fulfilment of the requirements
for the degree of Doctor of Philosophy in the Ohio state
University, 1925.
10.
rate of reaction when "added to the acid solutions. Burk123
used this ester among others in his study of hydrolysis
with sUlphuric, hydroc~oric and nitric acids and found
that the acetoacetic acid formed was completely decomposed
above 40°0. The advantage of using ethyl acetoacetate as
the ester in studying the effect of neutral salts upon acids
in hydrolysis lies in the fact that a gas is evolved which
could be easily measured and hence the rate of reaction
exactly determined from the amount given off in various
known times. Also in such a. reaction, one of the products
of the reaction 1e removed from the field of action making
the reaction irreversible so far as the ester is concerned.
The classical method24 consists in stopping the hydrolysis,
if this is possible. and determining by titration the
amount of acid formed•.
23. Helv. Chem. Acta., I. 231, (1918)
24. Ostwald, J. pract. Che~:. 28. 449 (1883)
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Statement of~ Problem
This investigation is a study of the effect of normal
potassium s~phate and normal sodium sulphate on the action
of their respective acid salts in the ketonic splitting of
ethyl acetoacetate. The acid salts which acted as the
catalyzing acid were used in ~o concentrations. namely
two-tenths and four-tenths normal. The acid salts alone
and in combination with the neutral salts were used in
the hydrolysis of the ester at three different temperatures,
namely, 80°, 90°, and 95°0, thus giving twenty-four
separate determinations for the two salts.
The carbon dioxide evolved from the breaking up of the
acetoacetic acid formed in the re~ction was measured at
five minute intervals during the reaction as a means for
determining the velocity of the hydrolysis. In view of
Bur~its23 observation and also of tests made by Dunlap22
which failed to detect the presence of the acid, it is
reasonable to assume that the acetoacetic acid is
immediately deco.l8posed upon the hydrolysis of the ester
thus making the volume of carbon dioxide at any time, a
measure of the extent .of hydrolysis.
Experimental Part
lIateriale.
The ethyl acetoacetate was ob,tained from the Eastman
12.
Kodak Company and was redistilled under reduced pressure.
Only the middle portion of the distillate was used. T~is
ester was kept in colored glass stoppered bottles, each
bottle containing enough eBter for a few determinations
in order not to expose the ester to the air over too long
a period.
The ethyl alcohol was dehydrated over lime and anhydrous
copper sulphate in the usual manner and stored in a glass
stoppered bottle.
Baker's Analysed C. P. potassium acid SUlphate was
twice recrystallized from water and dried. From this salt
an approximately 2M solution was made and the exact strength
determined by standardizat!on against barium chloride.
The sodium acid SUlphate was Baker's C. P. Analysed
and was recrystallized from water by evaporation, at 50°,
from a solution of the salt. From this salt a solution
was made and standardized as with the potassium acid
.sulphate •
The sodium and potassium sulphates used were Baker's
C. P. Analysed salts and were recrystallized from water and
dried to constant weight. These salts were kept in glass
bottles with tight fitting glass stoppers.
The water used for preparing all the solutions was
distilled water from the laboratory, which was from time
to time tested for sUlphatea and chlorides which might have
been carried over from the still.
13.
Apparatus
The apparatus used was that described by Dunlap22 and
used by him in his investigation. The following descrip-
tion is taken from his paper. The thermostat was of the
usual type consisting of a galvanized tank surrounded by
felt. The temperature of the water in the thermostat
could be controlled to a tenth of a degree Centigrade.
The heating elements consisted of a three heat hot plate
at the base of the thermostat and two. two hundred watt
lamps inserted in the bath. The lamps were connected into
a make and break circuit operated by a re~ay which was in
turn actuated by a mercury-xylene regulator in the water.
The water in the thermostat WbS covered with a layer of
paraffin and paraffin oil to prevent evaporation. The
bath was stirred by a rotary stirrer which circulated the
water downward.
The flasks. which were specially made, were formed from
two hundred cubic centimeter flat bottom Pyrex flasks by
sealing on necks four and one half inches in length and one
inch in diameter. These flasks were connected with the
condenser, (Figure I) by means of a two hole rubber stopper.
one for the condenser and one for the glass rod which held
the vial containing the ester in place until ready to drop
it into the flask. The assembled flask and twelve inch
condenser were firmly fixed to a frame by means of a
clamp and rllbber bands. The frame was suspended at the top
as shown in the diagram, and the lower part of the frame
14.
was connected with a pivoted arm from a ~ulley25. In
operation, this gave the flask a rotary motion about a cixcle
three inches in diameter, thus agitating the contents of
the flask. About fifty grams of glass beads were placed
in the flasks to aid in the agitation and also to prevent·
the vial from breaking the flask when it was released
at the beginning of a determination. The necks of the
flasks extended two and a half inches above the surface of
the thermostat liquid which permitted the watching of the
vial before it was released, and also prevented contamination.
The condenser was necessary to prevent the 1058 of alcohol
and acetone from the solution during the determination.
The top of the condenser had a side arm provided with a
glass stopcock which served as an outside connection for.
adjusting the pressure within the whole apparatus at 'the
beginning of a determination. The other opening at the top
of the condenser was connected with the gas measuring
apparatus by means of pure gum tUbing and a one and one half
millimeter glass tubing.
The gas measuring apparatus (Figure II) is a modified
Blier-White chain of bulbs type26 • The flask in the
thermostat was connected through the condenser and a four
way manifold, to the gas measuring apparatus as shown in
25. Lueck, J. Amer. Chem. Soc., 44, 75? (1922)
26 White's Fuel and Gas Analysis, page 76
15.
the diagram. Each of the bulbs had a capacity of fifty
cubic centimeters and there were ten bulbs in each of the
gas measuring chains. Each of the chains of bulbs had a
leveling bulb having the same capacity as the total capacity
of the whole chain, namely. five hundred cubic centimeters,
and a glass stopcock for holding the liquid at any level
desired. When fifty cubic centimeters of gas had been
. collected in the burette, i.t could be run over into one
of the bulbs in the gas measuring chain. Thus any error
in anyone reading would not affect the accuracy of the
following readings. The chain of bulbs was carefully
calibrated and each reading gave the total uncorrected
Tolume of gaa given off in the reaction up to the time of
the reading. The liquid in the burette and chain of
bulbs was a five per cent solution of sUlphuric acid ~ith
a few drops of methyl orange added to aid in reading. This
liquid was first saturated with carbon dioxide at the
temperature at which the readings were to be taken.
The whole gas measuring apparatus was inclosed in a
water filled box which had two opposite glasR sides. The
temperature of the water in the box was kept approximately
constant throughout a determination by running water. The
temperature of the gas leveling liquid throughout a
determination should be maintained as nearly as possible
at the saturation temperature of the gas in the liquid at
the beginning of the determination. If this point is not
observed. there will be gas dissolved or evolved by the
16.
leveling liquid.
The vials for introducing the eater were small glass
tubes of about six cubic centimeters capacity. The tops
were drawn and slightly constricted so that a cap of the
same diameter would fit loosely over the end of the vial.
It was necessary to cover the vials in the flask so that
condensate in the apparatus could not contaminate the ester
before it was released to drop into the flask. The diameter
of the vial was such that it easily dropped into the flask
when the glass rod support at its base was turned aside.
Three or four small glass rods having the same length as
the vial and about a millimeter in diameter were placed
in the vial so that the ester would flow from the vial as
quickly as possible when dropped into the flask. An
important point is to have as wide a mouth to these vials
as possible, and to have them uniform. If the eater does
not flow from the vials in the same time in each case, the
timing for the beginning of the reaction will be in error
and consequently, checks on the determinations cannot be
obtained.
Two determinations were run at the same time. The two
reaction flasks with condensers and frames, and two sets
of gas measuring apparatus were alike in all respects as
far ae possible to make them. The pulleys to which the
shaking arms were attached, were the same in diameter and
they were run from the same shaft. The shaking arms were
attached the same distance from the center of the pUlleys
17.
and the pivot posts for these arms were the same distances
from the pulleys. This made the circles through which the
flasks moved. the same in diameter and the time for one
revolution the same. Two different salt concentrations were
run at one time. and these were checked with later deter-
minations. Readings were taken every five minutes for
each of the reaction mixtures, thus making readings two
and three minutes apart.
Experimental Procedure
The glass beads were first placed in the flasks and then
enough of the solution of the alkali acid sulphate added
from a burette to give the desired normality for fifty
cubic centimeters of solution. Water was then added to
dilute this solution to make the volume exactly 45.8 cubic
centimeters. One cubic centimeter of ethyl alcohol was
then added. In the case where the neutral salt was used,
the reqUisite amount of the alkali sUlphate to make fifty
cubic centimeters of a one normal solution was weighed out
and added. With the later introduction of the ester the
total volume of solution would be fifty cubic centimeters
since tests showed that the volume change due to the addition
of the neutral salt was negligible. All measurements of
volumes were made from standardized burettes and pipettes.
Then 3.2527 grams of ethyl acetoacetate (one half molar
in all determinations) was carefully weighed into one of
the a.bove described vials. The capped vials,were then placed
in position in the necks of the flasks and held in this
18.
position by the trip rod in the stopper at the base of
the condenser. After the stopper had been securely seated
in the flask, the flask and condenser were fastened firmly
to the frame for holding it as shown in Figure 1. Proper
adjustment of the flask and condenser is important and
requires some experience to get the condenser in alignment
with the flask so that the vial can be tipped and dropped
into the solution at the moment desired. A few seconds
error at this point renders the whole determination worth-
less.
The temperature of the thermostat was allowed to rise
about .2°0 above the required working temperature before the
frames containing the flasks were placed in position. The
cooling effect of the frames and flasks lowers the
temperature about to the required point. With the flasks
in position, water connections were immediately made with
the condensers, and agitating arms were fastened as shown
in the diagram. Connections to the gas measuring apparatus
were made and the whole apparatus tested to make sure of no
leaks. This required about fifteen minutes and care was
taken not to prolong this time.
Agitation of one of the flasks was then sta.rted and
allowed to continue for four minutes before the outside
connections to the side arm at the top of the condenser was
closed. At the time of closing this conneotion the vial
containing the ester was immediately tripped to drop it
into the flask. The time of tripping the vial was noted and
19.
constitllted the zero minute of the reaction from which
all time intervals were measured. Readings of the volume
of gas were taken every five minutes after this time
throughout the course of the run. The data was recorded lmder
the headings. time, vol~~e of gas evolved. and temperat\~e
of the water surrounding the gas measuring bulbs. A fourth
column was left vacant to be later filled in with the
volume of gas corrected for temperature and pressure. The
second flask was started exactly five minutes after the
first and the same procedure was followed. Barometer readings
and the temperature of the room at the time of the readings
were taken at the beginning of each determination and at
intervals thereafter, the pressure corrected for temperature,
height above sea-level and for latitude being used to
correct the observed volume of carbon dioxide to standard
pressure. The correction for water vapor pressure in the
gas at the temperature of its surroundings was obtained
from vapor pressure. tables for pure water. This was probably
slightly more than the vapor pressure of the acid solution
over which the gas was collected but the same corrections
were made for all determinations.
All determinations were checked for at least two runs
and the maximum allowable variation was three-fourths of
one per cent. o 0The results at 80 and 90 checked within
one-half of one per cent.
The average of two or more determinations was then
plotted as shown in Plates I to VI in which the abscissas
20.
represent time and the ordinates the corrected volumes. The
data as given in pages 21 to 45 show the calculated averages
and also the corresponding values of the reaction constant
calculated by the equation:
1 560.3
K =: -1og10t 560.3 - Vt
where Vt represents the corrected volume of carbon dioxide
collected at time t and 560.3 is the volume of the gas
which would be obtained by complete decomposition of the
ester. As will be seen from the data the reactions were
allowed to go for at least three hours. Due to the
slowness of the reaction, the hydrolysis at 80° was only
a traction complete, especially in the presence of the
neutral salt. Plates VII to IX show the variation of the




Time in Vol. of COrlBtant. Time in Vol. of Con~;tant•
Kin. Gas. Kin. Gas •
5 3.9 •000606 105 9'1.9 .000794
10 8.6 Of,,! ~~ 110 102.0 793
15 13.8 722 115 106.6 797
20 19.0 748 120 110.8 79?
25 24.1 764 125 114.8 79?
30 28.9 766 130 118.7 795
35 33.7 769 135 123.0 ?9?
40 38.4 771 140 127.3 799
45 43.2 7?4 145 130.6 795
50 48.1 780 150 133.6 790
55 52.7 780 155 138.3 794
60 57.4 782 160 141.? 791
65 62.1 785 165 146.0 794
70 66.4 ?B3 170 149.3 792
75 71.0 784 175 153.5 795
80 75.6 782 180 15'7.5 796
85 80.5 792 185 161.0 795
90 84.6 7E:,9 190 164.8 796
95 89.0 791 195 168.5 796
100 93.6 794 200 172.5 798
22.
80°
0.2 N. KHSO41 N. K2 S04
Time in Vol. of' Constant. Time in Vol. of Constant.
Min. Gas. Kin. Gas.
5 2.9 .000450 105 46.6 .OOO~)58
10 4.8 374 110 48.9 361
15 7.1 369 115 51.2 361
20 9.4 368 120 53.5 3b3
25 11.8 370 125 55.6 363
30 14.2 371 130 57.? 363
35 16.3 367 135 59.4 361
40 18.7 368 140 61.6 361
45 21.0 369 145 64.0 363
50 23.0 364 150 66.3 364
55 25.2 364 155 68.3 364
60 27.3 362 160 70.5 364
65 29.4 360 i65 72.9 366
70 31.7 361 170 74.7 365
75 33.6 358 1'75 76.3 2163
80 35.9 358 180 78.6 364
85 38.2 360 185 80.8 365
90 40.0 359 190 82.9 365
95 42.2 360 195 84.5 365





Time in Vol. of Conf3 t ant. Time in Vol. of Constant.
Kin. Gas. Min. Gas.
5 5.6 .0008'72 105 147.9 .001267
10 13.3 .OOlO'i3 110 153.8 1267
15 21.1 1111 115 160.8 1277
20 29.5 1175 120 166.7 1278
25 37.0 1195 125 171.5 1270
30 45.3 1220 130 177'.7 1274
35 52.6 1223 135 183.5 1276
40 59.9 1227 140 188.8 1275
45 67.2 1233 145 194.5 1277
50 74.1 1232 150 200.3 1278
55 81.7 123':; 155 206.2 1285
60 88.7 1274 160 211.1 1283
65- 95.7 1251 165 216.9 1288
70 102.3 1251 170 221.6 1286
75 109.9 1253 175 226.0 1281
80 115.3 1251 180 231.2 1284
85 122.0 1255 185 236.0 1284
90 129.0 1262 190 240 •.6 1282




0.4 N. KHS041 N. K2S04
Time in Vol. of Constant. Time in Vol. of Constclnt.
Min. Gas. Kin. Gas.
5 3.8 .000090 105 72.5 .0005'74
10 7.2 562 110 75.7 573
15 10.5 548 115 78.7 573
20 _14.1 554 120 81.7 572
25 17.6 554 125 85.0 572
30 21.0 553 130 88.2 b?2
35 24.8 561 135 91.5 573
40 28.5 5t3 140 94.5 573
45 32.0 56? 145 97.5 573
50 35.5 569 150 100.9 574
55 38.7 565 155 104.4 579
60 41.8 561 160 107.6 580
65 45.5 566 165 110.5 579
70 49.3 571 170 113.4 580
75 52.7 572 175 116.5 580
80 56.2 57~ 180 120.5 583
85 59.4.- 572 185 123.6 585
90 62.6 5""12 190 126.5 585
95 65.9 572 195 129.7 586




Time in Vol. of Constant 41 Time in Vol. of Constant.
Kin. Gas. Kin. Gas.
5 8.7 .0012)60 130 186.7 .001354
10 17.5 13?~? 135 192,3 1352
15 25!6 .:1 140 197,2 1346
20 33~8 1351 145 203,9 135b
25 42,2 1360 150 209.0 13tl 3
30 50.6 1365 155 215.1 1357
35 58,1 1358 160 220.1 1354
40 66.2 13t~5 165 226.0 1359
45 73,6 1361 170 230.8 135t
50 81.6 1367 175 236,7 1362
55 89.1 1367 180 242,8 1370
60 96,7 1368 185 246,4 1360
65 103,5 1365 190 250,8 1356
70 110.6 1364 195 257.0 1366
75 117.4 1361 200 260,7 1359
80 124,6 1365 205 265,3 1359
85 131.0 1360 210 271,1 1367
90 137.5 13;:19 215 2'74,2 1357
95 144.4 1362 220 279,4 1303
100 150.4 135? 225 284.2 13610
105 156.5 1355 230 286.8 1354
110 162.6 1353 235 293.4 1370
115 169.0 1356 240 297.1 1367




0.2 N. KHS041 N. K2S04
Time in Vol. of ConBtant. Time in Vol. of Constant.
Kin. Gas. Min. Gas.
5 5.2 .000810 110 88.2 .000675
10 10.1 ?~O 115 90.8 667
15 14.5 759 120 94.9 6'71
20 18.4 ?25 125 98.2 669
25 22.4 ?09 130 101.6 668
30 26.3 698 135 105.2 062
35 30.4 69~~ 140 108.? 669
40 34.3 684 145 112.0 668
4:5 38.4 685 150 115.0 665
50 42.5 685 155 118.3 664
55 46.6 686 160 121.? 665
60 50.8 688 165 124.9 663
65 54.4 683 170 128.3 664
70 58.B 684 175 131.9 666
75 61.8 677 180 135.8 669
80 65.5 t;74 185 1~9.4 671
85 69.0 672 190 142.7 u?l
90 73.5 67? 195 146.0 672
95 76.8 670 200 149.1 667
100 80.4 673 205 151.7 669




Time in Vol. of Constant. Time in Vol. of Constant.
lUn. Gas 0 ](i11. Gas.
5 13.5 .002118 130 269.7 .002195
10 26.4 096 135 276.8 190
15 39.4 111 140 284.1 194
20 52.8 149 145 292.3 20~
25 65.0 142 150 299.7 210
30 77.5 155 155 306.2 215
35 89.6 140 160 311.5 205
40 100.7 150 165 318.6 213
45 112.8 169 1'70 323.9 205
50 123.6 164 175 330.7 214
55 134.5 167 180 337.0 219
60 145.6 178 185 342.1 214
65 155.8 177 190 348.2 220
70 165.9 178 195 354.1 236
75 176.0 183 200 359.2 225
80 186.1 190 205 365.6 239
85 195.6 194 210 370.9 243
90 204.4 189 215 375.4 239
95 214.0 199 220 381.0 249
100 222.6 198 225 385.0 242
105 230.7 194 230 389.2 240
110 238.8 193 235 395.6 262
115 246.1 191 240 399.1 254




0.4 N. KHS041 N. KzS04
Time in Vol. of Constant. Time in Vol. of Constant.
Kin. Gas. Kin. Gas •
5 '7.3 •00112.8 110 135.0 .000089
10 13.8 083 115 141.0 094
15 20.5 072 120 146.0 092
20 27.2 080 125 151.2 09~
25 33.5 071 130 156.2 092
30 40.1 075 135 161.3 092
35 46.3 070 140 166.8 096
40 53.3 082 145 172.0 098
45 59.3 079 150 17€.7 097
50 65.4 078 155 181.6 098
55 71.5 078 160 186.7 099
60 71.4 076 165 191.8 103
65 83.3 O?b 170 196.5 103
70 89.4 078 175 201.0 103
75 95.0 07? 180 206.7 110
80 100.8 077 185 211.8 114
85 106.8 080 190 215.9 112
90 112.6 082 195 221.0 112
95 118.1 082 200 225.0 115
100 124.3 089 205 229.4 115




Time in Vol. of Constant. Time in Vol. of Constant.
Min. Gs.s. Kin. Gas.
5 12.6 .OO19?C 105 187.9 .001f·90
10 23.'7 1877 110 194..5 1683
16 34.4 182')0 115 201.2 1680
20 45.3 18~)O 120 207.8 1677
25 55.8 18/22 125 214.0 1672
30 65.3 1794 130 220.3 1669
35 75.1 1785 135 226.4 1665
40 84.4 1773 140 231 ..9 1658
45 93 ..7 1766 145 237 ..8 1654
50 103.0 1764 150- 243.8 1654
55 112.0 1761 155 249 ..4 1651
60 119.8 1743 160 254.9 1647
65 128.4 17~S9 165 261.0 1650
70 136.0 1725 170 266.5 1649
75 143.8 1717 175 271.3 1643
80 151.4 1710 180 276.5 1041
85 159.0 1705 185 281.4 1638
90 166 ..7 1704 190 286 •.4 1636




0.2 N. KHS041 N~ K2S04
Time in Vol. of Constant e Time in Vol. of Constant.
Kin. Gas. tin. Gas.
5 10.0 .001564 105 106.8 .000866
10 15.6 1226 110 109.8 861
15 21.6 1138 115 113.7 857
20 27,2 1080 120 117.2 849
25 32.8 1048 125 120.7 843
30 38.2 1022 130 124.4 839
35 43.7 1008 135 128.2 836
40 49.2 .000998 140 131.6 831
45 53.9 976 145 135.3· 828
50 58.8 96~ 150 139.0 826
55 63.5 950 155 142.5 822
60 67.8 934 160 146.2 821
65 72.2 922 165 149.8 819
70 76.6 909 170 153.4 817
75 81.2 ~O6 175 156.3 812
80 85.5 899 180 160.6 815
85 89.6 890 185 163.5 810
90 94.0 886 190 167.0 810





Time in Vol. of Constant. Time in Vol. of Constant.
Min. Ge.s. ][in. Gas.
5 18.7 .002948 105 250.6 .002f>75
10 35.7 2859 110 266.7 2551
15 51.9 2814 115 274 ..4 2541
20 68.0 2810 120 282.~ 2534
25 82.7 2774 125 289.4 2525
30 96.7 2743 130 296.2 2F-' '2v.&..,)
35 110.5 2726 135 303.~ 2508
40 123.4 2701 140 310.0 2500
45 136.0 268~-) 145 316.5 2493
50 148..2 2668 150 322.8 2485
55 160.,4 2663 155 329 ..5 2485
60 172.0 2654 160 335.8 2483
65 182.5 2633 165 341 ..8 2478
70 193 ..5 2628 170 347.2 2470
75 203.9 2620 175 353.4 2472
80 214.1 2614 180 358 ..6 2465
85 224 ..2 2611 185 364.2 2465
90 233.3 2599 190 369 ..4 2461
95 242 ..0 2585 195 347.2 2456
100 250 ..6 2575
32.
95°
0.4 N. KHS041 N. K2S04
Time in Vol. ef Constant. Time in Vol. of Constant.
Kin. Gas. Kin. Gas.
5 12.7 .001992 105 153.7 •OOl~326
10 21.4 1696 110 159.6 1324
15 29.7 It)?€ 115 165.0 1318
20 38.1 1529 120 170.6 1314
25 46.f· 1505 125 1?5.9 1~O9
30 54.1 1470 130 181.2 130tj
35 61.5 1445 135 186.5 1302
40 68.5 141r-: 140 191.8 1300
45 75.4 1~,95 145 197.1 1298
50 83.1 1394 150 202.2 1295
55 89.7 1379 155 207.2 1294
60 96.6 1369 160 212.2 1292
65 103.4 1363 165 217.6 1293
70 110.0 13f>6 170 221.8 1291
75 116.3 1347 175 226.2 1283








Time in Vol. of Constant, Time in Vol. of ConstE~nt ..
Kin. Gas. Kin. Gas.
5 4.7 .000732 105 110.1 .000904
10 10,4 814 110 115.0 90?
15 16.3 854 115 119.4 905
20 21.8 8b2 120 124.0 905
25 27.3 868 125 128.3 904
30 32.6 867 130 132.7 <:J03
35 37.7 864 135 137.2 ;03
40 43.0 86? 140 142.0 906
45 48.8 879 145 146.4 90?
50 54.6 e90 150 150.5 906
55 59.8 888 155 154.7 905
60 64.8 890 160 159.0 905
65 70.0 891 165 162.8 904
70 74.9 890 170 167.4 906
75 80.2 894 1'75 171.4 90?
80 85.0 893 180 175.4 906
85 89.8 893 185 179.8 908
90 94.9 895 190 183.6 907
95 100.2 900 195 187.8 909
100 105.2 903 200 191.7 909
34.
800
0.2 N. NaHS041 N. Na2S04
Time in Vol. of Constant. Time in Vol. ef COIlBtant.
Min" GaB. lIin. Gas.
5 2.5 .000388 105 53.5 .000415
10 5.0 ~)89 110 56.1 416
15 7.5 390 115 58.5 416
20 10.0 391 120 60~8 416
25 12.5 395 125 63.2 416
30 15.1 395 130 65.6 416
35 17.6 396 1~5 68.1 417
40 20.3 401 140 70.6 418
45 23.0 404 145 73.2 419
50 25.4 403 150 75.6 420
55 27.9 403 155 77.8 424
60 30.5 405 160 80.3- 420
65 33.2 408 165 82.7 420
70 35.8 410 170 84.9 420
75 38.1 408 1?5 87.1 424
80 40.'1 406 180 89.3 420
85 43.0 409 185 91.6 420
90 45.4 408 190 94.3 421
95 48.3 408 195 96.6 421




Time in Vol. of ConBtant. Time in Vol. of Constant ..
Min. Gas. Kin. Gas.
5 7.2 .001124 105 1?2.2 .OOlt·19
10 16.9 1330 110 179.0 1520
15 26.5 140Z; 115 186.0 1523
20 35.4 1417 120 192.7 152te
25 44.4 1434 125 199.5 1529
30 53.4 1443 130 206.1 1532
35 62.3 1461 135 212.9 153'1
40 71.1 1474 140 219.0 1538
45 79.9 1485 145 224.9 1537
50 88.1 1485 150 230.8 1537
55 96.2 1487 155 236.? 1537
60 104.5 1496 160 242.4 1538
65 112.4 1496 165 248.3 1540
70 120.4 1498 1?0 254.3 1545
75 128.3 1505 175 260.0 15 i.t;7
80 135.4 1501 180 265.7 1551
85 143.3 1509 185 270.6 1548
90 151.2 lfJ09 190 275.7 1550
95 158.4 1518 195 280.9 1550
100 165.6 1521 200 286.5 1505
36.
80°
0.4 N. NaHS041 N. Na2S04
Time 111 Vol. of Constant. Time in Vol. vf Constant.
Kin. Gas. Kill. Gas •
5 3.3 • OOO51;~ 105 86.7 eOOO695
10 7.0 541 110 90.5 695
15 12.2 63'7 115 94.5 698
20 16.5 649 120 98.4 699
25 20.7 657 125 102.1 699
30 24.8 653 130 106.0. 700
35 29.2 664 135 110.0 703
40 3;).3 665 140 113.9 705
45 37.4 666 145 117.8 707
50 41.7 672 150 121.6 708
55 46.0 676 155 125.4 709
60 50.2 679 160 129.3 712
65 54.1 678 165 133.1 714
70 58.2 680 170 136.8 715
75 62.3 682 175 140.5 714
80 66.3 683 180 144.4 719
85 70.3 685 185 147.4 719
90 74.5 682 190 152.1 723
95 78 0 6 691 195 155.0 721




Time in Vol. ef Consta,nt. Time in Vol. of Constant.)lin. GaB. Kin. Gas.
5 10.5 .001644 105 179.1 .001593
10 20.6 1627 110 186.3 1595
15 30.5 1618 115 193.2 1597
20 40.2 1616 120 199.2 .l.5~O
25 49.8 161? 125 205.9 l591
30 59.1 It:)1? 130 211.6 1584
35 68.2 1611 135 218.2 1587
40 77.1 1607 140 224.9 1~91
45 85.8 1604 145 231.6 1595
50 94.6 1606 150 237.3 1~95
55 103.3 1610 155 242.6 1590
60 111.1 1598 160 248.4 1590
65 119.2 1599 165 254.0 1589
70 127.6 1590 170 259.4 1688
75 135.4 1601 175 265.0 1589
80 143.5 1607 180 270.8 1592






0.2 N. NaHS041 N. Na2S04
Time in Vol. ef Constant. Time in Vol. ef Cons tc~nt.
:Min. Gas. }fin. Gas.
5 6.0 .000936 105 94.6 .000765
10 11.0 885 110 99.0 ?b?
15 15.8 828 l1Et 103.2 761
20 20.2 798 120 107.2 769
25 24.5 ?77 125 111.2 769
30 29.0 769 130 115.3 769
35 33.4 762 135 119.1 769
40 37.8 758 140 122.9 769
45 42.3 758 145 126.8 768
50 47.0 761 150 130.5 767
55 52.0 769 155 134.2 767
60 56.4 768 160 138.3 769
65 61.0 7?O 165 142.0 769
70 65.6 ??2 1'70 145.6 769
?5 69.5 76? 175 149.4 709
80 ?4.0 769 180 153.1 770







Time in Vol. of Constant. Time in Vol. of Constant.
Kin. Gas. Kin. Gas.
5 16.0 .OO2t)16 100 260.4 .002714
10 32.3 2579 105 270.0 2719
15 48.1 2598 110 279.6 2729
20 64.0 2634 115 288.4 2730
25 78.8 2633 120 297.3 2737
30 93.2 2633 125 305.3 2735
35 107.2 2635 130 313.8 2743
40 120.7 2634 135 322.0 2750
45 134.4 2658 140 330.2 2760
50 148.0 2664 145 338.3 2773
55 160.6 2667 150 345.6 2777
60 172.4 2661 155 352.3 2776
65 185.0 2677 160 359.3 2782
70 197.1 2691 165 366.2 2790
75 208.0 26<:J4 170 372.6 2794
80 219.2 2694 175 379.2 280;;
85 230.5 2708 180 385.0 2803




0.4. N. NaHS041 N. NS2S04
Time in Vol. of Constant. Time in Vol. of Constant.
Min. Gas. En. Gas •
5 7.8 • 00122>4 105 147.6 .001264
10 15.0 1178 110 153.6 126b
15 22.6 1192 115 160.1 1270
20 30.1 1194 120 166.5 1276
25 37.3 1197 125 173.2 1285
30 44.8 1206 130 179.2 1287
35 52.5 1221 135 185.3 1291
40 59.8 1225 140 191.3 1294
45 6?0 1229 145 197.1 1298
50 ?4.1 1230 150 202.1 1295
55 81.2 1236 155 207.7 1297
60 88.2 1239 160 213.3 1300
65 95.0 1241 165 218.6 1302
70 101.5 1240 170 224.4 1307
75 108.3 1240 175 230 ..0 l~-)ll








Time in Vol. of Constant o Time in Vol. of Constant.Min. Gas. Min. Gas.
5 13.7 .002150 105 206.9 .001906
10 26.2 '2080 110 214.3 1903
15 38.7 2074 115 221.3 1900
20 51.0 2072 120 227.3 1883
25 62.9 2068 125 234.2 1881
30 74.4 2062 130 240.4 1872
35 84.9 ~J040 135 246.3 1870
40 95.4 2026 140 252.7 1860
45 105.8 2020 145 258.8 1856
50 116.1 2017 150 264.9 1853
55 125.2 1997 155 270.1 1840
60 134.0 1980 160 276.2 1843
65 142.7 1971 165 282.0 1840
70 151.2 1953 170 287.6 1839
75 160.2 1950 175 293.0 1837
80 169.0 1949 180 298.2 1833
85 177.7 1949 185 303.1 1830
90 185.1 1934 190 307.0 1814
95 192.7 1927 195 311.5 1809
100 199.5 1912 200 316.0 1803
95°
0.2 N. NaHS041 N. Na2S04
Time in Vol. of Constant. Time in Vol. of Conf:ltant.Min. Gas. lfin. Gas.
5 9.0 .OO140b 105 115.5 .000955
10 16.0 1256 110 119.7 949
15 22.3 1176 115 124.2 946
20 28.8 1146 120 128.4 943
25 34.9 1117 125 132.5 937
30 41.0 1100 130 136.6 934
35 46.7 1080 135 140.6 930
40 52.8 10?~1 140 144.7 927
45 58.2 1058 145 148.6 923
50 63.5 1045 150 152.4 \,;19
55 68.5 1030 155 156.3 916
60 73.7 1021 160 160.2 914
65 78.9 1014 165 164.0 912
70 83.6 1003 170 167.9 910
75 88.3 .000993 175 171.6 908
80 93.0 985 180 175.3 905








Time in Vol. of Constant. Time in Vole if Constant.
Kin. Gas. Min. Gas.
5 20.8 .OO3};86 100 284.5 .003078
10 40.7 'jj275 105 293.9 3075
15 60.5 3308 110 303.0 3072
20 78.0 3255 115 311.7 306~
25 95.5 3250 120 319.0 3050
30 112.4 ~')241 125 326.0 ~J030
35 128.1 3221 130 332.8 3011
40 143.1 3202 135 339~5 3000
45 157.6 3188 140 346.3 2986
50 171.6 3176 145 352.9 2977
55 185.2 3168 150 359.3 2968
60 199.2 3175 155 365.3 2957
65 211.3 3163 160 371.1 2947
70 223.1 3170 165 376.8 2938
75 234.9 3146 170 382.7 2932
80 246.3 3144 1'75 388.5 2933
85 257.0 3136 180 393.2 2920




0.4 N. NaHS041 N. N8.2S04
Time in Vol. of Constant. Ti.me in Vol. of Consta.nt.
Min. Gas. Kin. Gas.
5 12.0 .001880 105 168.3 .001477
10 21.3 1683 110 174.5 1473
15 30.4 1615 115 180.Z> 1467
20 39.2 Ib?5 120 186.3 1463
25 48.3 1566 125 192.1 14b9
30 57.2 1559 130 198.2 1458
35 65.5 1542 135 204.0 1456
40 ?3.5 1521 140 209.6 1453
45 81.5 151'7 145 214.8 1448
50 89.5 1512 150 220.3 1446
55 97.5 1510 155 225.5 1443
60 104.9 1501 160 230.4 1438
65 112.4 1497 165 235.3 1433
70 119.8 1496 170 240.2 1430
75 12?0 1488 175 245.0 1427







If we assume that rea,ctions catalyzed by acids are due,
in some way. to the hjrdrogen ion acting as the agent, 1t
becomes necessary to Dostulate that the hydrogen ion exists
in the solution in more than one form. It has been found
that the addition of a neutral salt to the solution does not
reduce the catalytic effect of the acid proportionally to
the decrease in concentration of the hydrogen ion - in fact,
in certain cases it may increase the catalytic effect. As
far as the catalytic action is concerned we may then assume
that the hydrogen ion exists in active and in inactive forms.
It is known that in aqueous solutions the hydrogen ion
is hydrated to a large extent and Lapworth2? states that he
has shown by various independent methods that the hydrogen
ion is hydrated to the extent of at least ninty nine per
8
cent in aqueous solutions. FajanS2 has shown that the
+ +
reaction Hgaa + nH20 ~ (H.nH20) evol¥,es 262,000 cal. per
mole, ,thus showing a great affinity of hydrogen ion for
water. We could hardly say, from the above, that the h~drated
and unhydrated hydrogen ions have like catalytic powers.
Lapworth and his co-workers29 investigated a number of
different reactions involving hydrogen ion catalysis in
organic solvents and showed that the introduction of small
quantities of water produced marked retardation in all cases.
2?~ Trane. Faraday Soc., 19, 520 (1923)
28~ Ber. ~hys. Gee., 21, 709 (1919) ,
29. Fitzgerald and Lapworth. J. Chem. Soc., 93, 2163 (1908);
Lapworth. ibid., 93, '2l8? (1908); Lapworth and Partington,
ibid., 97, 19 (1910).
46.
In those reactions which took place both in alcohol and water,
the reactions occurred much more rapidly in alcohol than
in water and the introduction of even small quantities of
water produced a great retardation in the velocities of the
reactions. This phenomenon was accounted for by assuming
that the unhydrated ion wa.s the active catalytic agent a.nd
that the introduction of water into the organic solvents
greatly reduced the number of unhydrated hydrogen ions
because. of their great affinity for the water. The enormous
difference in velocity of reaction in organic solvents and
in water leads to the concl~~ion tha~ the number of non-
hydrated hydrogen ions in aqueous solutions is relatively
small. DawBon30 in investigating the reaction between
acetone and iodine in water and in water-alcohol mixtures,
found that the introduction of water into water-alcohol
solutions reduced the rate of reaction much more than would
be expected from simple diluting effects. From comparison
of observations he came to the conclusion that the free or
non-hydrated hydrogen ion was the component responsible for
the catalytic effect and that the hydrated ion was relatively
unimportant catalytically. He also concluded that the free
hydrogen ion had a very emall concentration relative to the
total ion concentration and this free hydrogen ion must
have a great catalytic activity. Dawson and Powis31 found
tr~t in an alcoholic solution of hydrochloric acid the reaction
~--~-~-~----~~~~----~--~-~---~-------~--~~--~--~-~~-----~~~
30. Jo Chem. Soco, 99, 1 (19l1); Dawson and Powie. ibid.,
105, 1093 (1914)
31. ibid., 103, 21~5 (1913)
47.
between iodine and acetone was approximately 1000 times
as fast as in an aqueous solution of hydrochloric acid of
the same concentration. This was explained on the assump-
tion that the concentration of non-hydrated hydrogen ion
is 1000 times that in water.
In view of the above cited observations and many other
similar ones it 5ee~~ to be indicated that the non-hydrated
hydrogen ion is the catalytic agent involved in acid cata-
lysis or at least that it is the chief agent. This view is
acce~ted by many investigators among whom R1ce32 has started
quantitative developments.
It has been observed in numerous cases' that the addition
of a neutral salt to an aqueous solution of an acid changes
the rate of reaction. and may increase it in the case ~
salts of strong acids or decrease it in the case of salts of
weak acids. Since the neutral salt itself has no appreciable
catalytic action. then the salt must act as some sort of a
promoter of cats,lysie since it mB.Y increase the rate of
reaction. The effect of the neutral salt will be to
increase the concentration of unhydrated hydrogen ions over
. that which would be present in a solution of the acid having
total hydrogen ion concentra,tion equal to that in the solution
containing the neutral salt. This effect is due to the fact
that the ions of the neutral salts will be heavily hydrated
tItus withdrawing solvent water from the solution. The more
--~-~-~----~--~-~-~-~~-----~-~-~-~----~-~--~~~~~~--~--~--~
32. Jo Amer. Chem. Soc., 45, 2808 (1920); ibid., 46.
2405 (1924)
48.
highly hydrated an ion the greater should be its neutral
salt action which agrees with observations of other investi-
gators.
We may expand the above statements as follows. If to
an aqueous solution of a strong acid we add a neutral salt
of a strong acid the effects will be to reduce the total
hydrogen ion concentra.tion somewhat by repressing the
ionization of the acid and to increase the concentration of
the unhydrated hydrogen ion by the hydrating of the ions
formed from the neutral salt. If the increase in the concen-
tration of the unhydrated hydrogen ions is greater than the
decrease in total hydrogen ion concentration then the
catalytic power of the resulting solution will be greater
than that of the original acid solution. Thus we may
expect an increased catalytic effect which is in agreement
with observations in such cases. If the neutral salt added
to the strong acid solution is one of a relatively weak
acid, then the decrease in total hydrogen ion concentration
is much great'er than that due to a salt of a strong acid,
since much more of the hydrogen ion will combine to form
undissociated molecules or compound ions j)f the weak a.cid.
This decrease in total hydrogen ion concentration may be
greater than the increase in concentration of non-hydrated
hydrogen ion and so cause the resulting solution to have
lees catalytic power than the original acid solution. How-
ever, the resulting solution will have "a greater cata.lytic
power than a solution of the acid alone having the same
49.
total hydrogen ion concentration as in the solution contain-
ing the neutral salt, becau.se of the increase in concentra-
tion of the .non-hydrated hydrogen ion. This also has been
observed.
If we add to a relatively weak acid the salt of a
stronger acid the effect may be seen to be that of increasing
the catalytic power just as in the case of the strong acid,
and similarly. the addition of a salt of a weak acid to a
solution o£ a weak acid will tend to reduce the catalytic
effect of the acid.
Turning now to hydrolysis reactions in particular. we may
assume that, if the unhydrated ion is the active catalytic
agent, the reaction is brought about by collision of the
catalytic ion with a hydrated form of the ester undergoing
hydrolysis and probably with the formation of an unstable
complex which breaks down to hydrogen ion and the reaction
products. The investigation of the formation of such
addition compotmds between eater and water has been carried
out by Kendal133 and his co-workers and has shown the idea
to be fundamentally sound. Thus we have as the equations
where RA represents the ester:
BAr + nH2 0 ~ RA. nH20 (1)
and RA.~O + H+~ BOH +- Rt\ + H++ (n-l)~O (2)
The reactions may possibly occur in the f~llow1ng way34:
33. J. Amer. Chem. Soc., 38, 1712 (1916); ibid., 39,
2323 (1917)
34. See Rideal and Taylor. yage 54.
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Reaction (1) is supposed to be exceedingly rapid while (2)
is a slow reaction and is the one whose velocity is measured
in any given case. Since it has been observed that the
rate of reaction is affected both by a change in concen-
tration of the ester and a change in temperature we must
suppose that only a small part of the ester is hydrated.
This is probably true, since the esters which give slow
reactions are only moderately soluble and have low heats
of solution. Since also the rate of reaction is propor-
tional to the concentration of the ester, it follows that
the concentration of the hydra,te is proportional to the
total concentration of' the ester at any time.
Consider now the following two equilibria along with
reaction (1) and (2).
T -
HAt t nH20;= (H.xH20) + (A' .yH20)
( )-r~ +H.xH20 ~ H + xH2 0
in which HA' represents the acid catalyst. These show that
the concentration of unhydrated hydrogen ion is proportional
to the concentration of total acid, at least in the case of
the more dilute solutions. Hence the velocity of the
reaction (2) is proportional to the concentrations of the
total acid and of the total ester, as previously stated.
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It is known that a rise of temperature of ten degrees
increases the rate of those reactions which proceed at a
measurable velocity to a rate twice or more as great. Explan-
ations for this usually center arotmd the empirical
equation of Arrhenius.
/( ,0 '.1- J)
'R ~ i{:= ~ ( T.. - .~
in which k1 and k2 are the reaction constants at tempera-
tures T1 and T2 respectively. R is the gas constant and ~
;he heat of reaction.
Considering equations 1-4 above, reaction (3) is practic-
ally complete for strong acids and the concentrations of
the hydrated ions 1s little affected by a change in temper-
ature while the concentration of. the unhydrated acid is
increased exponentially with the temperature in those cases
where the reaction (3) is exothermic. which is usually the
case with the acids used. This in itself would explain
the high temperature coefficient of reactions with such
acids as catalysts if we were to assume the unhydrated acid
molecules as the active catalyst. In fact a number of
investigators35 have explained their results on the assumption.
However, this gives to the acid molecule in water, properties
not possessed in the gaseous or solid state and so seems
unlikely. Reaction (4) goes very little in the forward
direction and it is endothermic 60 that an increase in
temperature, while affecting the concentration of the
-~----~-~-~~-~~~-~~~-~~~~--~----~~-~-------~--~~--~---~~~--
35. Senter, J. Chern. Soc., 91, 410 (1907), Acree and
Nira1inger, Amer. Chem. J. 38, 489 (1907) and others.
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hydrated ion to only a small extent, has a very large
effect on increasing the concentration of the unhydrated
ion. This would increase the catalytic power if we consider
the non-hydrated hydrogen ion as the active catalyst as
suggested. In the case of the relatively weak acid, the
undissociated molecule 1s present in appreciable amounts
80 that an increase in temperature would cause an appreciable
diminution in the concentration of the hydrated hydrogen
ion, which would in turn partly neutralize the increase in
concentration o£ the hydrated ion. This means that the
temperature coefficient for a reaction catalj1zed by a weak
acid should be lower than that when catalyzed by a strong
acido Reaction (1) most likely goes in the forward direction
to only a slight extent due to the relatively small solubility
of the esters reacting. This is in agreement with the small
heats of solution of such compounds. If the heat of dilution
of the ester is positive, which indicates that the hydrate
is formed exothermically, then the concentration of the
hydrated form will decrease with temperature, thus tending
to reduce the rate ot reaction and so offsetting, to some
extent, the increase of catalytic power due to the increase
in concentration of the active catalyst. In the case of
esters containing the carbonyl group, investigations show
that the heat of dilution is positive but comparatively smalle
As a whole then, the final result of a change in temperature
is a balance between the above effects. In general, however,
the largest effect is due to the change in unhydrated
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hydrogen ion which evolves large quantities of energy on
oombination. In the case of hydrochloric acid, reaction (3)
evolves approximately 20,000 cal. per mole, reaction (4)
absorbs approximately 260,000 cal. per mole, while (1) and
(2) evolve relatively small quantities of energy. If in
addition to the above reactions taking place in all hydrolysis
reactions catalyzed by acids we have secondary reactions,
such as the decomposition of one or more of the products,
the effect of temperature changes upon this must be taken
into accotmt. In the case of such reactions which take place
instantaneously, e.g. the decomposition of acetoacetic acid
from the hydrolysis of its ethyl ester. the measured rate
of reaction will be that of the hydrolysis of the ester
which is comparatively slow.
Since the quantity Q in Arrhenius' equation depends
upon the heats of the above reactions we see that it is
primarily dependent upon reaction (4). We may say that in
those reactions catalyzed by hydrogen and hydroxyl ions,
which evolve large quantities of energy in combining as
compared to the small energy changes when molecular associa-
tions take place, the temperature coefficient (k~k2) is
fixed in the catalyst. This meens then that reactions
which are non-hydrolytic in character should have a singl,
definite temperature coefficient if catalyzed by hydrogen
ions and a different coefficient if catalyzed by hydroxyl
ions. In the case of hydrolysis of similar esters, in Which,
for the most part the heats of hydration of the ester are
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small and positive, the temperature coefficient for each
catalyst will be somewhat less than in the case with non-
hydrolytic reactions. If an instantaneous secondary reaction
occurs, It will not affect the temperature coefficient
since the latter depends upon the rates of hydrolysis.
As previously stated an increase in temperature would
have a smaller effect in the case of relatively weak acids
so that such acids should have smaller temperature coefficients
which is in accord with observations.
It has been fotmd that the hydrolysis by dilute hydrochloric
acid of aqueous solutions of all fatty acid esters,
~ -Sllbstituted halogen fatty acid esters, ethyl cyano-acetate
and its homologues, and formyl acetic acid all have the
same temperature coefficient within experimental error;
k35/k25 == 2.4. A change in the catalyst will produce a
change in the temperature coefficient. Using sodium
hydroxide in place of hydrochloric acid in a number of the
above reactions gave k35!k25 = 1.8.
Neutral salts and non-electrolytes should have no effect
on the temperature coefficients of reactions catalyzed by
strong acids (or basea)32~as has been found to be the case
with those reactions investigated. However, as previously
pointed out. i.n the case of relatively weak acids the
catalyst is affected so that the temperature coefficient
will be changed to some extent.
In the case of the ketonic splitting of ethyl acetoacetate
by acids we have the hydrolysis of the ester accompanied
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by instantaneous decomposition of the acetoacetic acid. We
shotlld then expect to find that the temperature coefficient
when a strong acid is used as the catalyst is practically
unaffected by the addition of neutral chlorides. We
should expect to find that when acid sulphates are used
that the temperature coefficient is less than in the previous
case and the addition of neutral sulphates will effect this
to only a small extent. if at all. If sulphuric acid were
the catalyzing acid we would expect that the addition of
neutral 8ulphates would decrease the temperature coefficient
to a small extent, hence the temperature coefficient for




Tempo Cone. Time to Ratio. Time to Ratio •
produce produce
75 cc. 150 co.
002 KHS04 80
.4'7




0.4 KHS04 1091.0 K2S04
0.2 KHS04 46 99
.50 .49
0.2 KHS04 93 2021.0 K2S04
90 0
004 KHS04 28 63
.48 .50
0.4 KHS04 58 1241.0 ~S04
0.2 KHS04 36 79
.51 .48
0.2 KHS04 68 166
100 ~S04
95°
0.4 KHS04 22 50
.49 .49
0.4 KHS04 45 1021.0 KaS04





Temp. Cone. Time to Ratio. Time to Ratio.
produce produce






0.4 NaHS04 43 89
.48 .48
0.4 NaHS04 90 18?1.0 Na2S04
0.2 NaHS04 38 85
.46 .48
0.2 NaHS04 82 1761.0 Na2 S04
90°
0.4 NaHS04 23 52
.45 .46
0.4 NaHS04 51 112
1.0 Na.:aS04
0.2 NaHS04 29 68
.47 .47
0.2 NaHS04 62 146
1.0 N~S04
95°
0.4 NaRS04 18 42
.44 .46
0.4 NaHS04 41 921.0 N~S04





Temp. Cone. Time to Acid Time to Acid
produce Ratio. produce Ratio.
'75 ce. 150 ce.




1.0 K2S04 1'72 1.58
0.4 KHS04 1091.0 K2S04
002 KHS04 46 991.64 1.57
0.4 KHS04 28 63
90°
0.2 KHS04 93 2021.0 ~S04
1.60 1.63
0.4 KHS04 58 124
1.0 ~S04
0.2 KHS04 35 791.59 1.58
0.4 KHS04 22 50
95°
0.2 KHS04
68 1661.0 K2S04 1.51 1.63
0.4 KHS04 45 102
1.0. K:aS04
Ay. without 1.61 1.59
neutral salt
with 1.5'7 1.61




Temp. Cone. Time to Acid Time to Acid
produce Ratio. produce Ratio.
'75 cc. 150 cc.






0 0 4 NaHS°4 901.0 Na2S04
0.2 NaHS04 38 851.65 1.63
0.4 llaHS04 23 52
900
0.2 NaHS04
1.0 Na2S04 82 1'76
1.61 1.57
0.4 NaRS04 51 112
1.0 Na2S04
0.2 NaHS04 29 681.61 1.62





0.4 NaHS04 41 921.0 lia2S04
Av. without 1.63 1.62
neutral salt
with 1.59 1.58




Temperature Coefficients for Potassium Sulphate Solutions.
Vol. CO2 50 co.
kgo/kao k95/kao k9~k90
O.2N. 1.74 2.34 1.35
O.4N. 1.76 2.32 1.32
O.2N.
- IN. 1(28°4 1.86 2.71 1.46
0.4N.
-
IN. ~S04 1.88 2.59 1.31
Vol. CO2 100 ce.
Oo2No 1.71 2.23 1.30
Oo4N. 1.73 2.20 1.27
O.2:N. - IN. ~S04 1.83 2.38 1.30
Oo4:N.
- IN. K:aS04 1.8? 2.3'1 1.27
Vol. CO2 150 ce.
O.2No 1.71 2.16 1.26
0.411. 1.'71 2.11 1.23
0.2N.
- IN. K2S04 .._ ...... 1.24
Oo4N.
-
IN. ~S04 .",..-.. 1.22
Vol. C~ 200 cc.
O.2N. _..-... 1.23
O.4N. 1.71 2.06 1.20
O.2N. IN. ~S04
0.411. .. IN. ~S04 -_.-.. 1.18
Vol. CO2 250 ce.
O.2N. ......... ........ 1.20
0.4N. 1.71 2.01 1.1'7
0.21'. lB. ~S04 -~---
O.4N.
- IN. ~S04 1.14
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Table VI.
Temperature Coefficients for Sodium Acid Sulphate Solutions.
Vol. CO2 50 ce.
kgo/kao k95/kao k9~kgO
O.2N. 1.83 2.36 1.30
O.4N o 1.74 2.27 1025
O.2N.
- IN. Na2S04 1.87 2.60 1.39
O.4N.
- IN. N8.2S04 1.82 2.35 1.29
Vol. CO2 100 cc.
O.2N. 1.78 2.26 1.26
O.4N. 1.76 2.18 1.23
O.2N.
- IN. N~S04 1.83 2.31 1.27
0.4N.
-
IN. N8.2 5 04 1.79 2.16 1.21
Vol. CO2 150 ce.
O.2N. 1.78 2.18 1.23
O.4N. 1.77 2412 1.21
O.2N.
- IN. N8.2S 04 1.21
O.4N.
- IN. N8.2S04 1.7? 2.06 1.1!
Vol. CO2 200 cc.
O.2N. 1.75 2.10 1.20




O.4N. - IN. Na2S04 1.12
Vol. CO2 250 ce.
O.2No







The effect of the neutral salt on the rate of reaction
was calculated for each concentration of the acid salt by
the following formula:
Effect of =Time required for xN. acid sulphate + IN
neutral salt Time required for xN. acid sulphate to produce
neutral sulphate to produce y co of CO~ at temp, t.
y co. of CO2 at temp. t.
The results are given in tab~es I and II, the readings
being taken from plates I - VI.
Tables III and IV give the acid concentration ratios for
like temperatures as calculated by the formula:
Acid cone. Time required for 0.2» acid sulphate + xli salt
ratio = Time required for 0 .4N acid sulphate -+ x}l salt
to produce y cc. of CO2 at temp. t.to produce y cc. of CO2 at temp. t.
in which x has the value 0 or 1 arid y is taken as 75 and
150, th.e readings being ta.ken from plates I - VI.
Tables V and VI give the temperature coefficients ob-
tained by the formula:
Temp_ Value of k at t 1 when volume of COa is x cc. forcoeff 0- Value of k at t 2 when volume of CO2 is x cc. tor
yN acid sulphate and zN salt
yN acid sulphate and zB salt
in which t 1 1s 95° or 90° and t 2 is 80° or 90°, y has the
value 0.2 or 0.4 and z the value 0 or 1. The values of k
were read from plates VII - IX.
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Tables I and II show that the addition of IN potassium
or sodium sUlphate to ita respective acid sUlphate solution
decreases the velocity of reaction to slightly less than
one-half its value. It will be seen that the effect is
the same for O.2N acid sUlphate solutions as for O.4N
solutions and for the potassium salt solutions as for the
sodium.
Dunlap finds that the addition of neutral chlonides of
the alkali and alkaline earth metals to O.05,t4 and O.lNHCl
solutions increases the catalytic effect. These results
are to be ex~ected in the light of the foregoing hypothesis
since the alkali acid sUlphates are weak acids relative to
hydrochloric acid. If we compare the times required to
obtain a given volume of CO2 , we find, from Tables I and II
or Plates I - VI, that it takes about one-sixth longer to
obtain the gas in the case of the potassium salt solutions.
In terms of sulphuric acid this means- that the add! tion of
potassium sulphate to the acid solution reduces the catalytic
effect more than does the addition of equivalent amounts of
sodium sulphate. This agrees with investigations of others
which showed that in a salt solution containing an acid or
hydroxide the hydrogen ion activity is always greater 1n a
solution containing the sodium ion than in one containing
the potassium ion. From this 1 t would be expected tha.t if
concentrations of the acid salt more widely separated than
O.2N and O.4N were used it would be found that the neutral
salt effect as calculated for Tables I and II would not
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show the same results for the two salts.
Tables III and IV show that the acid concentration
ratios are practically the same for either sodium or potass-
ium acid sulphates with or without the neutral salt. These
show that increasing the concentration of the acid sulphate
from O.2N to O.4N increases the catalytic effect at a given
temperature to about one and six-tenths its original value.
The addition of neutral salt to the acid does not affect
this ratioo Although the neutral salt depresses the rate
of reaction on its addition to the solution, yet its
relative effect is the same for the two concentrations of
acid sulphate. Dunlap working with O.05N and O.lN Hel
with various chlorides as the neutral salt finds that the
acid concentration ratio varies from about 1.9 to 2.2 with
moet of them about 2.0. This ratio gives the relative
,catalytic strengths of the solutions due to a change in
concentration. If the concentration of active catalyst is
proportional to the concentration of hydrogen ion we
would expect that if the percentage of ionization were not
changed by doubling the concentration of acid the ratio
would be equal to two. Dunlap finds that for the acid alone
the ratio is slightly less than two indicating a slight
depression of ionization of hydrochloric- acid. The value
of about 1.6 for the acid sulphates indicates that there is
considerable depression of ionization on doubling the
concentration from O.2N to O.4N. The effect of the addition
of a neutral salt of the c8.talyzing acid upon the acid
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concentration ra.tio would depend upon the strength of the
acid. If the salt is added to a solution of a strong acid
it will depress the degree of ionization to on~y a small
extent. If the concentration of the salt added is ofLthe
same order as that of the acid or larger, the depression
of the degree of ionization in dilute solutions will be
small but a little greater for the more dilute solution.
Hence the result is a small increase in the acid concentration
ratio. If the acid is a weak acid, the addition of a
neutral salt of that acid depresses the degree of ionization
to a relatively large extent and depresses the degree of
ionization a little more in the more dilute solution than
in the more concentrated solution. However, in this case
the ratio of the amounts of depression 1s almost unity
BO that the acid concentration ratio remains the same
after the addition of the neutral salt. A small change in
temperature would change the degrees of ionization of the
components of the various solutions to practically no extent
eo that the acid concentration ratios would be the same for
temperatures a few degrees apart if there 1s no change in
the amount of hydration of the components. If by raising
the temperature, the amount of hydration of one or more of
the substances in solution is decreased. this results in
increasing the available water and ao, in effect, diluting
the solution. This would result in offsetting to some
extent the decrease in the ratio due to the depression of
ionization by the neutral salt and increase the ratio to a
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slight extent. This effect would be more noticeable in the
case of strong acids. In the case of the alkali BUlphates
as neutral salts with the corresponding acid sulphate no
such change is observed with certainty.
Tables V and VI give the temperature coefficients for
the various concentrations of solution. Since the errors
of observB,tion are greater for the first fraction of the
reaction than for the middle fraction, more weight should
be given to the coefficients calculated for a volume of
CO2 equal to 100 cc than to those for 50 cc. Unfortunately
the reactions were so slow that data was not obtained for
calculating complete sets of coefficients for 8. later part
of the reaction. We will find from these tables, however,
that the temperature coefficient k90/kSO for the potassium
acid sulphate solutions without the neutral salt has a
value of about 1.?1 while with the neutral sUlphate it
is about 1.84, a ratio of 1;1.07". In the case of the
sodium salt solutions these are 1.77 and 1.83. a. ratio of
1:1.03. These coefficients do not seem to tend to change
with time to any great extent as will be seen from plates
VII and VIII which show the curves of k against t to be
practically straight and parallel lines. In the case of
the coefficients k95/kao and k95/kgO Vie notice a gradual
decrease with time but practically an equality in value
for solutions with and solutions without the neutral salt.
Dunlap finds the coefficient kgo/kao for his various
solutions vary about 2.0, there being but few variations
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of any extent. It is to be noted here that for the weak
acid (the acid sulphates) the temperature coefficient is
less than for the stronger acid (hydrochloric); also that




The catalytic effect of normal potassium sulphate on
two-tenths and four-tenths normal potassium acid sulphate
and of normal sodium sulphate on two-tenths and four-tenths
normal sodium acid sUlphate in the hydrolysis of ethyl
acetoacetate haa been determined at 80°C, 90 0e, and 95°0.
An hypothesis, based on the idea that the unhydrated
hydrogen ion is the active catalyst, has been postulated.
A large amount of additional work should be done on
this problem and the author intends to investigate at
least some of the following:
a. The catalytic effect of the above neutral salts
at other concentrations of the neutral salts.
b. The catalytic effEict of the above neutral salts
at other concentrations of the acid sUlphates.
Co The effect of non-electrolytes on the rate of
hYdrolysis of ethyl acetoacetate by acid sulphates.
do The rate of hydrolysis of the ester by sulphuric
acido
eo The catalytic effect of other alkali sulphatea.











